Abstract Low-density hybrid poplar (Populus deltoides × Populus trichocarpa) was densified with the viscoelastic thermal compression (VTC) process to three different degrees of densification (63%, 98%, and 132%). Durability of the VTC treated specimens was assessed by exposure to two white rot fungi (Pleurotus ostreatus and Trametes versicolor) for four or eight weeks. After incubation, mass loss in grams and percentage mass loss were determined. The results showed that VTC densification did not change decay resistance to Pleurotus ostreatus and Trametes versicolor. The mass losses caused by Trametes versicolor were more extensive than those by Pleurotus ostreatus. As expected, longer exposure time resulted in higher mass loss. Furthermore, the degree of densification did not influence susceptibility to fungal degradation.
stabilization of the final product. The product, viscoelastic thermal compressed (VTC) wood, shows reduced hygroscopicity and significantly improved mechanical performance (Kamke 2006) . Deformations in the VTC wood are largely the result of the viscous buckling of cell walls without any fracture (Kutnar et al. 2009 ). The strength and stiffness of the wood material are therefore increased approximately in proportion to the increase in density (Kutnar et al. 2009 ). Studies of bonding properties of the VTC wood established that wood densification using the VTC process did not affect the ability of the surface of the VTC wood to properly bond with PF adhesives (Kutnar et al. 2008a (Kutnar et al. , 2008b . Therefore, the development of the VTC process has made it possible to develop new wood-based composites (Kamke and Sizemore 2008; Kutnar et al. 2008a) . Since the VTC wood is intended to be used as a component in engineered composite materials, it is essential to know its durability aspects. The hydrothermal treatment in the VTC process could account for increased resistance to fungal degradation. However, it was found that thermohygro-mechanical (THM) treatment including densification did not improve the durability of Norway spruce or beech wood against Trametes versicolor and Trametes pubescence (Skyba et al. 2009 ). Until now, the resistance of the VTC wood to fungal degradation has not been tested. Therefore, the aim of this study was to examine the decay resistance of wood with different degrees of VTC.
Materials and methods

Material preparation
The material used in the study was low-density hybrid poplar (Populus deltoides × Populus trichocarpa) from a plantation in Northwest Oregon. The specimens were free of macroscopic defects (i.e. knots and splits). Before densification using the VTC process, all the specimens were conditioned in a controlled environment at a relative humidity of 65% and 20°C, in order to obtain constant moisture content (MC) of 12%. The test specimens were densified using the VTC process, which consisted of three main phases (Kutnar et al. 2009 ). The initial phase consisted of steaming of the specimen at 860 kN m −2 . The specimens were steamed without compression for three minute, and for an additional two minutes with a compressive force of 1380 kN m −2 . After this treatment, the steam pressure was released, and specimen was vented for 100 s without compression (phase 2). During the venting period the specimen lost moisture and the temperature dropped. Phase 3 began with an application of a compressive loading of approximately 4480 kN m −2 , which was applied for five minutes. However, this load was applied to mechanical stops that defined the final thickness of the specimen. Therefore, actual force on the specimen was not known. The moisture loss during venting induced the mechano-sorption effect. During phase 3 the platen temperature was raised from 175 to 200°C. In the last step, the specimens were cooled under compression to 100°C. The duration of the VTC process, including loading and unloading, was, in the case of the test specimens described in this paper, 15 min. The specimens were compressed to a target thickness of 2.5 mm. Since three different initial thicknesses were used (4, 5, and 6 mm), VTC specimens with three different degrees of densification (63%, 98%, and 132%) were created (Table 1) . After the VTC process the specimens were conditioned in a controlled environment with a relative humidity of 65% at a temperature of 20°C. At equilibrium, the VTC specimens achieved a MC of 7%, which was less than the 12% of the control specimens.
Determination of biological durability
The resistance of the VTC wood and control wood to Pleurotus ostreatus and to Trametes versicolor was tested (n = 5). The initial dry mass of the specimens was determined by oven-drying the specimens at 103°C for 24 hours. Conditioned and steam-sterilized specimens (20 mm × 10 mm × 2.5 mm) were exposed to Pleurotus ostreatus or Trametes versicolor according to the mini block procedure (Bravery 1978) . White rot fungi was chosen, as they predominately decay hardwood species. Specimens were exposed to fungal decay for 4 or 8 weeks for each fungus. Petri dishes with specimens were positioned in the growth chamber (T = 25°C, RH = 75%). After respective incubation periods, specimens were oven-dried at 103°C to determine final dry mass. The mass loss of each specimen was determined as an absolute value in gram of the initial dry mass. The percent mass loss was then calculated for each specimen based on the initial mass; these values were then used in the calculation of mean percent mass loss for the statistical analysis.
Results and discussion
Biological durability
The VTC densification process did not change decay resistance to Pleurotus ostreatus (Table 2) . After four weeks of exposure to Pleurotus ostreatus the absolute mass loss expressed in gram was the lowest in control wood specimens, while the mass loss of the VTC98 specimens was the highest (Table 2) . However, the percentage mass loss shows approximately equal mass loss of different VTC wood specimens and control specimens. Longer exposure time (eight weeks) to Pleurotus ostreatus resulted in increased mass loss (Table 2) of the VTC wood and control specimens. The multiple range test with 95% LSD procedure showed that there were no statistically significant differences in the percentage mass loss of the VTC and control specimens for four and eight weeks of exposure.
The decay caused by Trametes versicolor was more extensive than the decay of Pleurotus ostreatus ( Table 2 ). The absolute mass loss in gram after four weeks of exposure to Trametes versicolor was the lowest on the VTC63 specimens and the highest on the VTC132 specimens. In contrast, the percentage mass loss was the highest on the control wood specimens and the lowest on the VTC132 specimens. The multiple range test with the 95% LSD procedure showed that there were statistically significant differences in the percentage mass loss of the control wood when compared to the VTC wood specimens. However, the statistically significant differences were not found among the VTC wood specimens of different degrees of densification. Eight weeks of exposure to Trametes versicolor resulted in the higher mass loss. The absolute mass loss in gram of the VTC132 specimens was the highest and the mass loss in Table 2 Mass before exposure, mass after exposure, mass loss (gram and %), and standard deviation of the VTC and control wood specimens exposed to Pleurotus ostreatus and Trametes versicolor for 4 and 8 weeks (n = 5) Tab. gram of the control specimens was the lowest, while the percentage mass loss was the highest on the control specimens (Table 2) . However, the statistical analysis (multiple range test with 95% LCD procedure) did not detect significant differences among the test specimens. The occlusion of cell lumens in the VTC wood specimens did not inhibit decay by Pleurotus ostreatus and Trametes versicolor. This indicates that the cell wall degradation occurred by erosion troughs, the so-called "type 2" degradation, which is associated with syringyl rich cell walls (Skyba et al. 2008) . Furthermore, during the VTC process the cell walls of the VTC wood undergo thermal degradation of the hemicelluloses and lignin, followed by polymerization reactions of the degradation products due to heat and steam treatment (Kutnar et al. 2008c ) that could alter accessibility of the VTC wood to the fungi decay. The reasons for higher absolute mass losses of the VTC wood specimens when compared to the control wood is that there was simply more wood substance present in the higher density VTC specimens, and the VTC process changed the morphology of the wood. Namely, in the VTC wood specimens the volume of the void areas decreases with the degree of densification (Kutnar et al. 2009 ). Therefore, in the VTC132 specimens, with the lowest void volume, the hyphae growth occurred primarily within the cell walls. In the specimens of lower degree of densification the cell lumens were open and the hyphae growth also occurred within the lumens. Additionally, the rapidly-grown plantation wood used in this study contained a large amount of tension wood. In cells of tension wood decayed by Trametes versicolor, a nonselective type of degradation may have occurred within the secondary wall and middle lamella, while the gelatinous layer was not degraded extensively due to highly crystalline cellulose (Blanchette et al. 1994) . The VTC process caused changes in the shape of the gelatinous layer. The gelatinous layer of the VTC wood shrank and in some cases detached from the cell wall. The deformed gelatinous layer in the VTC wood additionally promoted the hyphae growth that resulted in higher absolute mass losses of the VTC wood specimens.
Conclusion
The densification process did not significantly change the resistance of the VTC wood to degradation by Pleurotus ostreatus and Trametes versicolor. Alternatively, heat and steam treatment in the VTC process could account for the increased resistance of the VTC wood in the first four weeks of exposure to degradation by Trametes versicolor, while the degree of densification did not influence susceptibility to fungal degradation. The increased concentration of cell wall substance and occlusions of cell lumens in the VTC wood specimens resulted in higher absolute mass losses caused by Pleurotus ostreatus and Trametes versicolor decay, when compared to the control wood specimens.
